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Circadian clocks: A cry in the dark?
Robert J. Lucas and Russell G. Foster
Cryptochrome proteins are key components of the
circadian systems of both Drosophila and mammals. In
Drosophila, they appear to be responsible for the
entrainment of the circadian clock by the light–dark
cycle, while in mammals they perform an important role
in rhythm generation itself. 
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Circadian rhythms are the endogenously generated,
24 hour variations in behaviour and physiology that allow
organisms to adapt to the varying environmental demands
of the solar cycle. In a recent dispatch [1], we outlined the
possible roles of cryptochrome (cry) genes in circadian
rhythm generation and regulation. These proteins have
attracted yet more interest since our last article, and we
shall review here some very recent experiments that have
shed new light on how cryptochromes may function in
the circadian system.
The cryptochromes belong to a broad group of pterin/flavin-
coupled proteins which are found in diverse phyla. The
family is dominated by the photolyases, which absorb the
energy of blue/ultraviolet light and employ it in the repair of
DNA that has been damaged by exposure to ultraviolet
light. The first members of this family thought to lack this
DNA repair function were isolated from Arabidopsis: these
two proteins were called cryptochrome 1 (Cry1) and cryp-
tochrome 2 (Cry2), and there is evidence that they play an
important part in some blue-light responses of plants [2].
Most recently, a single cryptochrome homologue has been
identified in Drosophila [3] and two cryptochrome homo-
logues have been found in mammals [4].
On the basis of the available experimental evidence,
and the known photo-responsiveness of the photolyases,
researchers had suggested that cryptochrome proteins
are a conserved group of light-absorbing photopigments
that are responsible for synchronising — entraining —
circadian rhythms to the solar cycle in Arabidopsis,
Drosophila and mice [3,5–7]. Recent studies in
Drosophila [8] and mammals [9–11] have confirmed the
importance of these proteins as components of the circa-
dian systems in these species, but do not support the
hypothesis that they perform an evolutionarily conserved
function as circadian photopigments.
Circadian rhythm generation in Drosophila
Genetic and molecular analyses of circadian rhythmicity
in Drosophila have led to a well-supported model of how
circadian rhythms are generated in this species (Figure 1;
for review see [12]). The key players in the model are
the two clock genes, period (per) and timeless (tim). A cir-
cadian rhythm in transcription of these genes is ensured
by, firstly, positive drive provided by heterodimers of the
proteins dClock (dClck) and dBmal (also called Mop3 or
Cycle) bound to ‘E-box’ elements in the per and tim
promoters, and secondly, negative feedback inhibition
by the Per and Tim proteins on the dClck–dBmal
complex. What was missing from this model was a way of
producing light-dependent shifts in circadian phase.
Figure 1
Circadian rhythm generation in Drosophila is based on the
transcriptional regulation of two genes, per and tim, by an
autoregulatory feedback loop. Transcription of these genes is driven
by dClck–dBmal heterodimers, which act on E-box sequences in their
promoters. In time, a build up of per and tim mRNA is followed by an
increase in cytoplasmic concentrations of Per and Tim proteins. These
proteins dimerise and enter the nucleus where they inhibit
dClck–dBmal-induced transcription. Appropriate time-delays and
degradations prohibit the attainment of equilibrium, allowing the
generation of a near 24 hour rhythmicity in the amounts of per/tim
mRNA and protein. Recently published work suggests that the
Drosophila cryptochrome transduces light information to this system
by providing a light-dependent attenuation of Per–Tim activity. In the
figure, rhythmic components are represented by ~ and inhibitory
actions by a line ending in a bar.
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Recent results suggest that Drosophila cryptochrome is a
key element of this photoentrainment pathway. 
In experiments designed to investigate how light resets the
Drosophila circadian clock, Ceriani et al. [8] used Drosophila
S2 cells transfected with per and tim to assay the inhibitory
action of these Per and Tim proteins on dClck-activated
transcription of a reporter gene. In the absence of any addi-
tional clock components, reporter gene transcription was
inhibited (by about 50%) by Per–Tim in both the light and
the dark. When cryptochrome was expressed in these cells,
however, this inhibition became light sensitive. In the
dark, the level of reporter gene expression remained rela-
tively low, but on light exposure the dClck-activated tran-
scription level increased, indicating that the presence of
cryptochrome made possible a light-induced attenuation of
the inhibition of dClck by Per–Tim.
This important observation indicates that cryptochrome is
a key component of the phototransduction pathway by
which the activity of Per–Tim is rendered light depen-
dent, and suggests a simple mechanism for photoentrain-
ment in Drosophila (Figure 1). The suggestion is that light
exposure activates cryptochrome so that it can attenuate
the transcriptional inhibition by the Per–Tim dimer,
thereby altering the state of the inhibitory feedback loop
which comprises the circadian clock. The precise mecha-
nism by which cryptochrome attenuates Per–Tim activity
remains unknown, though evidence that cryptochrome
binds Tim upon exposure to light suggests that a direct
physical interaction is involved.
This model of circadian photoreception in Drosophila offers
a simple explanation for the observation that cryptochrome
is capable of rendering Per–Tim activity light sensitive,
but a note of caution should be introduced. Firstly,
although fruitflies homozygous cryb, a loss-of-function
mutation of the cry gene, show reduced circadian photosen-
sitivity, photoentrainment is not entirely abolished [6].
The cryptochrome pathway may therefore provide just one
of several light inputs to the circadian clock. Secondly, the
in vitro assays of Ceriani et al. [8] relied on long-term, con-
tinuous light exposure to induce alterations in Per–Tim
activity: the Drosophila clock is known to be capable of
responding to short duration low intensity light pulses [13],
and it would be appropriate to examine the effects of light
exposures within the physiological realm to control for any
non-specific kinetic effects on cryptochrome activity. 
The question of whether there are additional components
of the cryptochrome pathway that have not yet been iden-
tified also remains unresolved. The fact that transfection
with cry alone is sufficient to render Per–Tim light sensi-
tive suggests that cryptochrome acts alone and is capable
of both absorbing light and transmitting that information
directly to the clock. This is an exciting suggestion, but
S2 cells are known to have endogenous expression of at
least one clock-relevant gene (dBmal) and they might also
express as yet-unidentified partners of cryptochrome.
These components could act either as light-absorbing
photopigments or as partners in the transduction of this
information to the clock.
Circadian clocks in mammals
A model of rhythm generation in mice is being devel-
oped to rival that described in Drosophila (Figure 2) [12].
Once again, a transcriptional feedback loop with positive
and negative limbs is proposed. The positive drive is
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Figure 2
An autoregulatory feedback loop is also
thought to generate circadian rhythms in
mammals. (a) Rhythmic expression of three
mammalian per genes is produced by the
interaction of transcriptional activation by
Clck–Bmal1 and inhibition by the mPer
proteins, perhaps acting with mTim. (b) The
latest experiments with the mammalian
cryptochrome proteins suggest that they
contribute to an expanded autoregulatory loop
by inhibiting Clck–Bmal1 activity, probably
through as yet undefined interactions with
mPer and mTim proteins. In the figure,
rhythmic components are represented by ~
and inhibitory actions by a line ending in a bar;
χ represents an undefined component
capable of rendering the Cry2 level rhythmic.
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provided by the mouse Clck and Bmal1 proteins, but the
nature of the negative limb is less certain. Mammals
have three genes that show homology to Drosophila per
— mper1, mper2 and mper3 — and one that shows homol-
ogy to tim. The products of each of these genes can act
to inhibit Clck–Bmal1-mediated gene expression.
Moreover, circadian rhythms in expression of mper1,
mper2 and mper3 suggest that these genes could form the
basis of a transcriptional feedback loop similar to that
of Drosophila.
Mammals have two cryptochrome genes, cry1 and cry2,
which are expressed in a wide variety of tissues, including
the suprachiasmatic nuclei, the site of the primary circa-
dian clock in mammals. The first explicit illustration that
these genes comprise essential components of the murine
clock came from the work of van der Horst et al. [9], who
generated cry1, cry2 double knockout mice. These animals
were found to exhibit a completely arrhythmic pheno-
type, with no indication of a functional circadian clock
under conditions of continuous darkness, and no indica-
tion that they can anticipate light:dark transitions under
experimental photoperiods.
An important clue to the function of cry1 and cry2 came
from the observation that, while the double knockout
mice were totally arrhythmic, functional circadian
rhythms were retained after ablation of either cry gene
alone. Thus, the genes clearly have overlapping func-
tions in the maintenance of circadian rhythms. Since
then, in vitro experiments using reporter genes, by two
independent groups [10,11], have indicated that Cry1
and Cry2 are both extremely potent repressors of
Clck–Bmal1-induced gene transcription. In fact, they are
more effective in this role than any of the mPer or mTim
proteins, either singly or in combination. Importantly,
immunocytochemical analysis of the suprachiasmatic
nuclei in mice revealed a robust rhythmicity in the
number of cells showing immunoreactivity to Cry1 or
Cry2 [10]. These results, along with the arrhythmicity of
the double knockout mice, strongly suggest that Cry1
and Cry2 play a role in the negative limb of the circadian
feedback loop.
Interestingly, there appears to be a different basis for the
rhythmicity in Cry1 and Cry2 protein levels [10]. The
presence of an E-box in the cry1 promotor, and circadian
rhythmicity of cry1 mRNA levels, suggest that cry1
transcription is regulated by the central Clck–Bmal1
autoregulatory feedback loop. By contrast, cry2 mRNA is
arrhythmic, suggesting that some post-transcriptional
process is responsible for the observed rhythmicity of the
Cry2 protein level. The nature of this regulation is
unknown, but given the importance of Cry2 in the
mammalian circadian system, it is likely to be the subject
of urgent experimental examination.
Interactions with the Per loop?
The data thus strongly suggest that, in the mouse, Cry1
and Cry2 contribute to rhythm generation by providing a
circadian inhibition of Clck–Bmal1-induced transcription
(Figure 2b). This raises the question of whether Cry1 and
Cry2 interact functionally with the other proteins thought
to fulfil this role in mammals — the mammalian Pers and
Tim (Figure 2a). As yet, we lack definitive answers to this
question. On the one hand, both cryptochromes appear to
interact physically with at least a subset of the mPer and
mTim proteins [10,11] and appear to facilitate the translo-
cation of mPer1 and mPer2 into the nucleus [10]. On the
other, cotransfection experiments gave no indication of a
synergistic relationship between the cryptochromes and
the mPer proteins or mTim [11].
Moreover, these two groups of proteins seem to employ
different mechanism to attenuate transcription. Thus
while the cryptochromes and mPer–mTim are both
inhibitors of Clck–Bmal1-induced transcription, only the
former proteins are capable of inhibiting the related tran-
scriptional activator Mop4–Bmal1 [10]. This suggests that
interactions between the cryptochrome and mPer–mTim
proteins are likely to be complex. It may turn out that
Cry1 and Cry2 provide an inhibition of Clck–Bmal1-medi-
ated transcription through parallel Per-dependent and
Per-independent pathways. 
Photopigments and/or clock components?
In our earlier dispatch [1] on the role of cryptochromes in
circadian rhythmicity, we expressed reservations about the
hypothesis that cryptochromes are the universal photopig-
ments of photoentrainment. These reservations have been
supported by the elegant work reviewed here. In the case of
Drosophila, the latest evidence places cryptochrome firmly
in the photoentrainment pathway and raises the intriguing
possibility that it acts as a photopigment that is capable both
of absorbing light and transducing that information directly
to the clock. But critical experiments using light as a physio-
logical stimulus still need to be undertaken to confirm cryp-
tochrome’s role as a photopigment in Drosophila. These
experiments are pertinent in view of the recent results in
mammals which have shown the cryptochromes are at the
heart of the rhythm-generating process. 
Perhaps, over the course of vertebrate evolution, the
cryptochromes have moved from the light input pathway
to become central clock components, losing their photo-
sensitivity in the process. The fact that they have
retained both flavin and pterin ‘chromophore’ binding
sites suggests that these cofactors are functionally impor-
tant. However, very detailed examinations by Griffin et
al. [11] have failed to uncover any effect of light on the
activity of these proteins in mammals, suggesting that
these cofactors have been recruited for a non-photorecep-
tive function. Support for this conclusion was presented
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at a recent meeting (International Congress on Chronobi-
ology, August 28 to September 1, Washington, D.C.) by
Van der Horst and coworkers, who reported photic induc-
tion of mper1 and mper2 in the suprachiasmatic nuclei of
cry1, cry2 double knockout mice. Thus the function of
the cryptochrome cofactors remains to be resolved. In the
photolyase proteins, they are thought to act both as light
absorbing pigments and as electron donors/acceptors in
the repair of DNA dimerisation. Perhaps similar redox
reactions will prove an important aspect of the biology of
the Drosophila and mammalian cryptochromes.
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